Abstract __ In this paper we propose a new shadowed Rice model for land mobile satellite channels. In this model, the amplitude of the line-of-sight is characterized by the Nakagami distribution. The major advantage of the model is that it leads to closed-form and mathematically-tractable expressions for the fundamental channel statistics such as the envelope probability density function, moment generating function of the instantaneous power, and the level crossing rate. The model is very convenient for analytical and numerical performance prediction of complicated narrowband and wideband land mobile satellite systems, with different types of uncoded/coded modulations, with or without diversity.
instant of time). Due to multipath fading, caused by the weak scatter components propagated via different non-LOS paths, together with the nonblocked LOS component, the envelope becomes a Rice random variable. LOS shadow fading comes from the complete or partial blockage of the LOS by buildings, trees, hills, mountains, etc., which in turn makes the amplitude of the LOS component a random variable. On the other hand, multiplicative shadow fading refers to the random variations of the total power of the multipath components, both the LOS and scatter components. These definitions clearly describe the statistical structures of the single models in Table I . Notice that the structures of the models of [8] and [9] are slightly different from the others in Table I . The first model generalizes the model of Corazza and Vatalaro [7] by including an extra additive scatter component, while the second model extends Loo's model of [6] by assuming that the power of the scatter components in Loo's model is a lognormal variable, independent of the LOS component. The first-order statistics of Loo's model and the model of Corazza and Vatalaro, i.e., the PDF and the cumulative distribution function (CDF) of the envelope, are discussed in [6] and [7] , respectively. For the second-order statistics, the level crossing rate (LCR) and the average fade duration (AFD) of the envelope, we refer the readers to [13] and [14] , respectively. Notice that the second-order statistics of Loo's model and the model of Corazza and Vatalaro, given in [6] and [15] , respectively, are approximate results. In [8] , [9] , [11] , and [12] , only the first-order statistics of the models are discussed, while in [10] , just the second-order statistics are studied. Table II is composed of at least two distributions, where each distribution corresponds to a particular stationary channel state. The models of [16] , [17] , and [21] have two distributions, while those of [18] , [19] , and [20] consist of three distributions. Now let us define a shadowed Rice model as a Rice model in which the LOS is random. Among the proposed models for LMS channels, the shadowed Rice model proposed originally by Loo [6] has found wide applications in different frequency bands such as the UHF-band [24] , L-band [22] [24] , S-band [23] , and Ka-band [24] . In Loo's model, the amplitude of the LOS component is assumed to be a lognormal random variable. However, as discussed in [25] , the application of the lognormal distribution for characterizing shadow fading most often results in complicated expressions for the key first and second-order channel statistics such as the envelope PDF and the envelope LCR, respectively. Analytic manipulation of those expressions is usually hard, as they cannot be written in terms of known mathematical functions. This, in turn, makes data fitting and parameter estimation for the lognormal-11/13/01
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Ali Abdi, et al. 4 based models a complex and time-consuming task. Performance evaluation of communication systems such as interference analysis or calculation of the average bit error rate (BER) for single and multichannel reception, is even much more difficult for the lognormal-based models, as sometimes even the numerical procedures for these models fail to give the correct answer.
On the other hand, as conjectured in [25] , application of the gamma distribution, as an alternative to the lognormal distribution, can result in simpler statistical models with the same performance for practical cases of interest. In this paper, we assume the power of the LOS component is a gamma random variable. Since the square root of a gamma variable has Nakagami distribution [26] , this means that we are modeling the amplitude of the LOS component with a Nakagami distribution. As we will see in the sequel, a Rice model with Nakagami-distributed LOS amplitude constitutes a versatile model which not only agrees very well with measured LMS channel data, but also offers significant analytical and numerical advantages for system performance predictions, design issues, etc.
The rest of this paper is organized as follows. In Section II the first-order statistics of the proposed model, such as the envelope PDF, moments, and the moment generating function (MGF) of the instantaneous power are derived. A connection between the parameters of Loo's model and our model is also established. Section III is devoted to the derivation of second-order statistics of the proposed model,
i.e., the LCR and AFD. In Section IV, the first-and the second-order statistics of the proposed model are compared with published measured data. Finally, the paper concludes with a summary given in Section V.
II. FIRST-ORDER STATISTICS OF THE NEW MODEL
According to the definition of the scatter and LOS components provided earlier, the lowpassequivalent complex envelope of the stationary narrowband shadowed Rice single model can be written
is the stationary random phase process with uniform distribution over [0, 2 ) π , while 0 ζ is the deterministic phase of the LOS component. The independent stationary random processes ( ) A t and ( ) Z t , which are also independent of ( ) t α , are the amplitudes of the scatter and the LOS components, following Rayleigh and Nakagami distributions, respectively 11/13/01
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Ali Abdi, et al. Let us define the envelope as ( ) ( ) R t t = ℜ . Using the same notation as [6] , the shadowed Rice PDF for the signal envelope in an LMS channel can be written as (2) is nothing but the Rice PDF. By calculating the expectation of (2) with respect to the Nakagami distribution of (1) using [27] , and after some algebraic manipulations, we obtain the new envelope PDF 
where (.,., assumed to follow the lognormal distribution ( ) The interested reader may refer to [29] for more details on the numerical computation of (.,.,.)
Using [27] , the moments of the proposed PDF can be shown to be ( ) 
As demonstrated in [34] , the moment generating function (MGF) of the instantaneous power, defined by
, plays a key role in calculating the BER and the symbol error rate (SER) of different modulation schemes over fading channels. In our model, the MGF of S, with the help of [27] , can be shown to be
The simple mathematical form of the above MGF in the new model entails straightforward performance evaluation procedures for several modulation schemes of interest (with and without diversity reception).
On the other hand, the MGF of S in Loo's model can be expressed at most in terms of an infinite-range integral or a double infinite sum [35] . Since the numerical manipulation of both representations of Loo's MGF is time consuming, several approximate expressions are proposed for different cases [35] . 
where (.) and
are the psi function and its derivatives, respectively [28] . The absolute values of the psi function and its derivatives converge to zero very fast, as m increases. By second-order matching of the two expressions in (8) and (9), the following relationship between the two
For a given 0 d , the corresponding m can be easily obtained by solving the equation in (11), numerically.
The value of Ω can be calculated by inverting the equation in (10), which yields
As we will see later, Loo's distribution and our distribution closely match, if one computes our
, using the relations in (10) and (11). 2 This is particularly useful when we wish to apply the new model with unknown parameters to a set of data collected previously, but the measured data is not available for parameter estimation, or we may not want to go through the time-consuming procedures of parameter estimation. In these cases, the parameters of our model can be obtained from the estimated Loo's parameters, using (10) and (11).
III. SECOND-ORDER STATISTICS OF THE NEW MODEL
The envelope LCR, which is the rate at which the envelope crosses a certain threshold, and the envelope AFD, which is the length of the time that the envelope stays below a given threshold, are two important second-order statistics of fading channels, which, for example, carry useful information about the burst error statistics [36] . Therefore, for different system engineering issues such as choosing the frame length for coded packetized systems, designing interleaved or non-interleaved concatenated coding methods [36] , optimizing the interleaver size, choosing the buffer depth for adaptive modulation schemes [37] , and throughput estimation of communication protocols [38] , we need to calculate the envelope LCR and AFD of the fading model of interest. In particular, the LCR and AFD calculation techniques should also work for diversity systems, which have proven to be useful in combating the 
It is shown in [39] that the LCR of ( ) S t , corresponding to the threshold th s , can be obtained by
where ( ) S t is the time derivative of ( ) S t , and 1 2 ( , ) SS Φ ω ω is the joint CF of S and S , defined by
It is shown in the Appendix that for our proposed model, the joint CF can be found in the following closed-form expression
in which
, is the nth spectral moment of the scatter component of the complex envelope
is the autocovariance of ( ) t ℜ . The parameter χ in (13) 
D E I t I t E I t E I t E I t τ =
+ τ − − is the normalized autocovariance of ( ) I t and prime represents differentiation with respect to τ . As expected, ( 
On the other hand, under the assumption of 
With 0 χ = , the numerical results of (12) and (15) are exactly the same, as expected. Nevertheless, (12) can be easily applied to diversity systems, while (15) only holds for single antenna receivers and its extension to diversity receivers seems to be intractable. 
(13)
. For a slowly varying LOS, the following result is derived in [13] for Loo's LCR, using the PDF-
IV. COMPARISON WITH PUBLISHED MEASUREMENTS
A. First-order statistics
First we consider two sets of published Loo's parameters 0
, estimated from data collected in Canada. These parameter values are listed in Table III , together with the parameters
of the proposed model, computed using (10) and (11) . The parameters of the first three rows of Table III were originally reported in [6] , while the fourth row is taken from [42] . Loo's parameters for light, average, and heavy shadowing conditions, listed in the first, second, and the fourth rows of Table   III , have been used in several studies such as [35] [42]- [45] , for system simulation, analysis, and performance prediction purposes. As we expect from the theory, m values in Table III decrease as the amount of shadowing increases from light to average, and then to heavy. This empirical observation verifies the key role of the Nakagami m parameter in our model, discussed at the beginning of Section II, in modeling different types of shadow fading conditions.
In Fig. 1 we have reproduced Fig. 1 of Loo's original paper [6] , using the parameters of the first three rows of Table III . The experimental data points of this figure have also been used by others [7] [9]
to verify their models. In Fig. 1 we have plotted the envelope complementary CDFs (CCDFs), ( ) R r p x dx ∞ , for Loo's PDF and our PDF, together with the empirical data points. Interestingly, all of Loo's curves and our curves are almost indistinguishable and both are close enough to the measured data, for different cases and channel conditions. These empirical results indicate the utility of our model for LMS channels. Also note the usefulness of the parameter transformation rules given in (10) and (11), which gives almost perfect match between Loo's CCDFs and ours. The CCDFs for average shadowing in the fourth row of Table III are not included in Fig. 1 , to leave the other curves readable. However, as demonstrated in Fig. 2 of our previous paper [46] , Loo's model and ours perfectly match for this case as well.
As shown in Table II , Loo's model is also incorporated in the structure of several mixture models, including the Barts-Stutzman model [17] and the model of Karasawa et al. [18] . These models can be significantly simplified if we replace Loo's model with the new model. In Figs. 1, 2, [dB] d = σ . These values are listed in Table IV as well. Corresponding to all these Loo's parameters, the parameters ( , ) m Ω of the new model are calculated using (10) and (11) . Based on the parameters of Table IV, in Fig. 2 we have plotted the envelope CCDFs for Loo's model and our model. The close agreement between the two models, which is depicted in Fig. 2 over a wide range of signal levels, for several different sets of data collected at different places, frequency bands, and elevation angles, is excellent. This strongly supports the application of the proposed model for LMS channels, as a simple alternative to Loo's model. Again we draw the attention of the readers to the key role of the parameter mapping rules in (10) and (11), which allow us to conveniently use the experimental results published in the literature, to calculate the parameters of the new model.
As discussed in [7] , a LMS channel model should be applicable for a wide range of elevation angles, under which the satellite is observed. One way of incorporating the effect of the elevation angle in a statistical LMS channel model is to derive empirical expressions for the parameters of the envelope PDF in terms of the elevation angle [7] . To demonstrate this procedure for our model, we have considered the experimental data published in [47] , also used in [7] , and have derived the following relationships by fitting polynomials over the range 
The proposed PDF in (3), in conjunction with the above equations, compose a hybrid statistical/empirical model. The empirical and the theoretical CCDFs of the new model are plotted in Fig. 3 for different elevation angles.
B. Second-order statistics
Now we compare the LCR and the AFD of the new model with the published data in [6] , assuming a slowly varying LOS, i.e., 0 χ = . Since the data of [6] are taken by a single antenna, we use (15) for calculating the LCR of the new model. The AFD can be obtained by dividing the integral of (3) Table III and the same ( , ) φ κ as above, the LCR of Loo's model in (17) is also plotted in Fig. 4 for both light and heavy shadowing conditions. Similar to the very close match between the CCDFs of the two models in Fig. 1 , the LCR of both models are nearly identical. As expected, we have the same situation for the AFD of both models in Fig. 5 . Therefore, the parameter mapping rules given in (10) and (11) work well for the second-order statistics, as well as the first-order statistics.
To observe the utility and flexibility of the proposed model in LMS system analysis, we refer the readers to [46] , [50] , and [51] , where three types of system performance evaluation are studied in detail:
BER calculation of uncoded and coded modulations with diversity reception, interference analysis of LMS systems, and the LCR after diversity combining.
V. CONCLUSION
In this paper a new Rice-based model is proposed for land mobile satellite channels, in which the amplitude of the line-of-sight is assumed to follow the Nakagami model. We have shown that this new model has nice mathematical properties, its first-and second-order statistics can be expressed in exact 
APPENDIX THE JOINT CF OF THE INSTANTANEOUS POWER AND ITS DERIVATIVE
Consider the narrowband stationary shadowed Rice model 
The elements of the covariance matrix are taken from Appendix II of [41] . Let us define Q as 
where det(.) is the determinant and I is the identity matrix. The Nakagami PDF of Z is given in (1) . For the Gaussian PDF of Z we have shadowing: Measured data [6] , Loo's model [13] , and the proposed model (see Table III for the parameter values). , Loo's model [13] , and the proposed model (see Table III for the parameter values). [13] , and the proposed model (see Table III [13] , and the proposed model (see Table III 
